Cellular dynamics leading to the formation of the trophectoderm in humans remain poorly understood owing to limited accessibility to human embryos for research into early human embryogenesis. Compared to animal models, organoids formed by self-organization of stem cells in vitro may provide better insights into differentiation and complex morphogenetic processes occurring during early human embryogenesis. Here we demonstrate that modulating the cell culture microenvironment alone can trigger self-organization of human induced pluripotent stem cells (hiPSCs) to yield trophectoderm-mimicking cysts without chemical induction. To modulate the adhesion microenvironment, we used the mesh culture technique recently developed by our group, which involves culturing hiPSCs on suspended micro-structured meshes with limited surface area for cell adhesion. We show that this adhesion-restriction strategy can trigger a two-stage selforganization of hiPSCs; first into stem cell sheets, which express pluripotency signatures until around day 8-10, then into spherical cysts following differentiation and self-organization of the sheet-forming cells. Detailed morphological analysis using immunofluorescence microscopy with both confocal and two-photon microscopes revealed the anatomy of the cysts as consisting of a squamous epithelial wall richly expressing E-cadherin and CDX2. We also confirmed that the cysts exhibit a polarized morphology with basal protrusions, which show migratory behavior when anchored. Together, our results point to the formation of cysts which morphologically resemble the trophectoderm at the late-stage blastocyst.
| INTRODUC TI ON
Cellular dynamics leading to the formation of the trophectoderm in humans remain poorly understood owing to limited accessibility to human embryos for research into early human embryogenesis (Deglincerti et al., 2016) . Tissue engineering, which revolves around our ability to tailor the physical environment under which tissue formation occurs in vitro can provide new insights applicable to understanding developmental biology, especially the emergence of function and structure from an ensemble of stem cells, as occurs during early embryogenesis (Huch, Knoblich, Lutolf, & MartinezArias, 2017) . For instance, engineering the cell culture milieu has made it possible to generate organoids, which are emergent systems formed by stem cells as a result of orchestrated differentiation and self-organization that give rise to a collective order from small-scale cell-cell interactions, in a similar fashion to embryogenesis. Thus, using organoids as models to recapitulate embryogenesis in vitro will enable us to gain deeper insights into early human development than is currently possible with animal models.
Indeed, organoids continue to attract attention as modelling tools of developmental processes, as evidenced by the rapid emergence of different organotypic systems of varying levels of functional complexity over the recent past, including eyecups (Eiraku et al., 2011), brain (Lancaster et al., 2013; Qian et al., 2016) , intestines (Tsai et al., 2017) , liver buds (Asai et al., 2017; Takebe et al., 2013 ) among others (for reviews, see Calejo, Ilmarinen, Jongprasitkul, Skottman, & Kellomäki, 2016; Akkerman & Defize, 2017; Lancaster & Knoblich, 2014) . In particular, human iPSCs, which are in a development state similar to pluripotent epiblasts (Nakamura et al., 2016; O'Leary et al., 2012) , are increasingly being used to model early human embryogenesis. For instance, human iPSCs have been used to model postgastrulation (Warmflash, Sorre, Etoc, Siggia, & Brivanlou, 2014) , amniogenesis (Shao et al., 2017) in early human embryonic development. Given their structural, genetic and basic functional similarities to their in vivo counterparts (Lancaster & Knoblich, 2014) , these organoids are promising models for drug testing as well as for mechanistic studies of human diseases, which may be difficult to reproduce properly in animal models. Another advantage is that they render high resolution imaging in a controllable environment possible, something which is difficult to achieve in an in vivo situation (Lancaster & Knoblich, 2014) .
The fact that stem cells can be coaxed into creating relatively complex organotypic models in an in vitro environment suggests that morphogenesis is not driven solely by morphogens, but rather is a product of complex space-time interactions between cells and their surrounding physical environment. Hence, tuning the physical environment to modulate these interactions can enable us to decipher complex dynamics associated with morphogenesis in humans. However, this aspect of organoid formation is not yet fully explored, partly because existing protocols heavily rely on chemical stimulation of spheroids or embryoid bodies (EBs) embedded in 3D matrices (3D culture technology). Although easy to implement, the fundamental problem with this approach is that the complex cell niche inside spheroids or EBs results in uncontrollable differentiation which yields different cell lineages (Akkerman & Defize, 2017; Bratt-Leal, Carpenedo, & McDevitt, 2009) . Moreover, the process is sporadic, complex, and suffers from poor reproducibility. In most cases, the product is a heterogeneous mixture of cells at different differentiation stages.
As an alternative strategy to seamlessly capture differentiation and morphogenetic transformations during organogenesis in a more natural manner in vitro, we recently developed a new culture approach, namely, the mesh culture technique. It involves adhesionrestriction using microstructured 2D substrates where cells are cultured on suspended ultrathin mesh sheets with characteristically large openings (>100 μm in dimension) and narrow mesh lines (<5 μm in width) (Okeyo, Kurosawa, Oana, Kotera, & Washizu, 2016) . The mesh sheets are set suspended in the culture medium such that cells adhered on them have limited adhesion space and therefore must rely more on cell-cell adhesion to expand, otherwise they fall off the mesh.
Previously, we reported on a two-step morphogenetic transformation of hiPSCs cultured by the mesh technique. In the first step, hiPSCs self-assemble into cell sheets by a process we believe depends primarily on cell-cell adhesion (Okeyo et al., 2015) . In the second step, sheet-forming cells differentiate and self-organize into cysts which were shown to express characteristic trophectoderm, markers including CDX2 and secretion of pregnancy hormones such as human chorionic gonadotropin (hCG) (Okeyo et al., 2015) . To our knowledge, this study presented the first evidence of hiPSCsderived trophoblast-like organoid without chemical stimulation, demonstrating that it is possible to direct differentiation and cell fate specification simply by tuning the physical microenvironment of stem cells.
Although the previous report detailed cell sheet formation by iPSCs and subsequent differentiation leading to self-organization into cysts, an outstanding question has been how closely the cysts resemble in vivo trophectoderm as we purported they do. To address this question, this study focused on a systematic examination of the self-organization process right from the point of cell seeding to cyst formation, and further carried out a detailed morphological characterization of the self-organized cysts in an attempt to qualify them as organoids mimicking the trophectoderm. Based on results of immunofluorescence microscopy performed using different imaging instruments such as confocal and two-photon microscopes, we show that mesh-derived hiPSC cysts are enveloped with an epithelial wall expressing Cdx2, and they exhibit morphological asymmetry characterized by a protrusive base, which shows signs of invasion in a manner mimicking the trophectoderm at late blastocyst. Furthermore, examination of morphological differences between young and mature cysts revealed the existence of interior cavities partitioned by a single-cell epithelial wall, with only a few cells expressing Cdx2. The cavities appeared to segregate and expand with cyst maturation, apparently mimicking the morphology of late blastocyst with amniotic and chorionic cavities. Thus, the mesh culture method provides a simple and versatile approach to induce self-organization and differentiation of hiPSCs, with potential application in the generation of trophectoderm-mimicking organoids for drug testing and basic biological studies of early embryogenesis in humans.
| MATERIAL S AND ME THODS

| Preparation of mesh sheets for cell culture
Mesh sheets used in this study were fabricated by standard photolithography using epoxy-based negative photo resist (SU-8-2, Microchem, USA), as reported previously (Okeyo et al., 2016) .
Briefly, SU-8-2 was spin-coated directly on a silicon wafer precoated with a thin sacrificial layer of gelatin (2% w/v). After UV exposure for about 10 s at 220 mW power, subsequent development in a SU-developer was performed according to the manufacturer's instructions. Then, the developed areas bearing the imprints of a mesh were laminated with a frame (henceforth referred to as "mesh frame"). The mesh frame was simply an adhesive tape (kapton tape) with a 4 mm-hole drilled at the center to form a frame around the flexible meshes for easy handling. For harvesting, the laminated mesh sheets were released from the substrate (silicon wafer) by immersion in a hot water bath (80°C) to dissolve gelatin. Mesh sheets were then sterilized by immersion in 70% ethanol and kept in an oven at 80°C until used. Mesh shapes used in this study were triangular and rhombus, and their dimensions were as shown in Figure 1c , i.e. aperture length was >100 μm and width of mesh strand was 3-5 μm. It is worth noting that each mesh sheet was about 2-3 μm in thickness to restrict cell growth to 2D.
Mesh sheets were then setup raised from the dish bottom using slices silicon rubber with a thickness of 0.5 mm. To coat the mesh sheets with an adhesion protein, they were incubated overnight at 
| Cell seeding and culture on mesh sheets
Human iPS cells (clone TIG1-4F hiPS cells #1) used in this study were a kind gift from Dr. Takashi Tada of Kyoto University, Japan. Prior to seeding on mesh, hiPSCs were first cultured to 85% confluency on culture dishes coated with either Matrigel or laminin. For both dish and mesh cultures, we used Essential 8 medium (E8), a standardized stem cell maintenance medium (Chen et al., 2011 ) (Life Technologies, USA). In all cases, unless stated otherwise, immunostaining against Nanog and Oct3/4 was performed on dish cultured hiPSCs to determine their pluripotency before seeding them on mesh.
Prior to mesh seeding, dish-cultured hiPSCs were dissociated by incubation with a modified trypsin solution (TrypLE, Life Technologies, USA) for 5-10 min at 37°C. Then fresh medium was added, followed by centrifugation for 5 min at 100 g. To prevent apoptosis associated with single-cell dissociation of hiPSCs during seeding, the resulting cell pellet was resuspended in a fresh culture medium supplemented with ROCK inhibitor (Y-27632, Wako Inc., Japan) to a final concentration of 10 μmol/L. After pipetting briefly to disperse cell aggregates, a droplet (100-150 μl) of cell suspension was placed carefully at the center of the suspended mesh sheets and seeding was done at a density of ~10 6 cells/ml (100,000-150,000
cells on a ϕ = 4 mm mesh surface). It should be noted that, because the meshes are highly porous, the number of cells that are retained on mesh is much less as some cells fall off to the dish bottom.
After seeding, cell-loaded mesh sheets were left undisturbed for at least 6 hr in an incubator at 37°C and 5% CO 2 to allow for cell attachment, after which fresh E8 medium (2-3 mL) was added and incubation continued. Medium was replaced after every 3 days, and microscopic imaging was performed to monitor cell growth on the mesh sheets. To get rid of fallen cells and debris that would otherwise accumulate at the dish bottom and interfere with imaging, cell-loaded mesh sheets were transferred to new dishes periodically.
This was done while cells are immersed in a droplet of fresh medium to avoid exposure to air which would otherwise cause cell damage.
| Immunofluorescence microscopy
For immunostaining, cells were fixed in 4.0% formaldehyde for 10 min, and then permeabilized with 0.3% triton X-100 in PBS for 15 min. Cells were then blocked with a blocking buffer consisting of 3% BSA and 0.3% triton X-100 in 1× PBS for 30 min, followed by incubation with the respective primary antibodies overnight at 4°C. Finally, samples were incubated for 60 min with the corresponding secondary antibodies (Alexa Flours, Invitrogen) at 1:500 dilution. Cells were finally incubated with Hoechst 33342 (Sigma Aldrich, Germany) to stain their nuclei for visualization. Primary antibodies used in this study were: rabbit anti human Nanog (Cell Signaling Technology, USA) at 1:100 dilution, mouse anti human E-cadherin (Takara Bio), and goat anti human Cdx2 (R&D Systems, USA) at 1:200 dilution. All antibodies were diluted in dilution buffer containing 1% BSA and 0.3% triton X-100. For imaging, a Keyence BZ 9000 (Keyence, Japan) was used for epifluorescence microscopy and confocal imaging was performed with LSM 700 and LSM 510 (Zeiss).
For deep tissue imaging of cysts, we used Olympus FLUOVIEW
FVMPE-RS with XLPLN25XWMP2 objective lens (courtesy of
Olympus Imaging Center, Tokyo Japan). To improve quality for presentation, images were processed as may be necessary using Image J (NIH, USA).
| Quantitative real-time PCR analyses of RNA expression
For RT-PCR, total RNA was isolated using TRIZOL LS solution (Invitrogen, Carlsbad, CA) and reverse-transcribed by the ThermoScript RT-PCR system (Invitrogen) with an oligo-dT primer. 
| RE SULTS
| Adhesion and growth of hiPSCs on a microstructured mesh substrate
When cultured on dish, hiPS cells typically expand rapidly to form large flat colonies within 3-4 days (Figure 1a,b) . However, continuous culture for more than 7 days is challenging because cell viability deteriorates with prolonged culture on dish. As an alternative, we have proposed a mesh culture method (Okeyo et al., 2015; Okeyo et al., 2016) , which involves culturing cells on microstructured mesh substrates suspended in a culture medium During mesh seeding, a drop of cell suspension (100-150 μl for a 4 mm-diameter mesh sheet) is carefully placed atop the suspended mesh ( Figure 1d ). Although the mesh is highly porous, meniscus formation at the air/liquid interface (i.e. between the droplet and air trapped underneath it) helps to retain cells on the mesh surface for a few hours (Figure 1e ), enabling cells to adhere on the mesh strands ( Figure 1f) . In most cases, hiPSCs adhered as individual cells on the narrow mesh lines (Figure 1f) , and underwent normal cell division and proliferation. To prevent apoptosis associated with hiPSCs in a single-cell state, the culture medium (E8) was supplemented with 10 μmol/L ROCK inhibitor during the first 1-2 days when cell density was still low.
Intriguingly, hiPSCs could successfully self-assemble and patch up the large mesh openings, resulting in the formation of a cell layer over the mesh (Figure 1g,h ). This is remarkable considering that cell migration toward the interior of the mesh openings occurred without any substrate to rely on for adhesion. Noteworthy is the fact that the morphology of sheet-forming hiPSCs at day 3 ( Figure 1g ) is quite similar to that of dish-cultured cells shown in Figure 1b (right).
Next, we examined the effect of mesh culture on pluripotency of hiPSCs using immunofluorescence microscopy for Nanog. Cells cultured for 3 days on a diamond mesh with a minor axis 100 μm in length were fixed and immunostained for this analysis. Results show that Nanog is expressed by most day 3 cells (Figure 2a,b) , which suggests that pluripotency is still preserved at this stage of culture.
Co-staining for Nanog and E-cadherin also revealed a uniform localization of E-cadherin along the cell boundaries, an indication that cell-cell adhesion is essential for cell survival on mesh (Figure 2c ).
In fact, E-cadherin, which mediates cell-cell adhesion, has been implicated in the maintenance of stem cell pluripotency (Chen et al., 2010; Soncin & Ward, 2011) .
To further illustrate changes in pluripotency during mesh culture, we again performed immunofluorescence staining to compare Nanog expression at day 7 and day 3. For this analysis, we used hiPSCs cultured on a triangular mesh (Figure 2e,f) , on the assumption that the difference in mesh size has little effect as long as equivalent aperture size is the same for both meshes. Generally, day 7 hiPSCs could still express Nanog albeit at a reduced level, as shown in the by the image in Figure 2f . On the basis of fluorescence intensity differences, it can be noticed that cell aggregates (white arrows in Figure 2f ) at the mesh center show a relatively higher level of Nanog expression compared with a sheet of cells at the periphery (orange arrows in Figure 2f ). If the low-level expression of Nanog is taken to reflect a shift toward differentiation, then this result shows that colony morphology may influence subsequent differentiation of hiPSCs. Cell aggregation at the mesh center can be attributed to uneven coverage by laminin resulting from poor spreading of the coating material on the usually hydrophobic SU-8 meshes. For images of cell aggregates, refer to supporting materials ( Figure S1 ).
| Mesh culture derives self-organization of hiPSCs into trophectoderm-like cysts
With continued culture, sheet-forming hiPSCs started to show giving them an epithelial appearance (red arrowhead in Figure 3a- iii). Results of confocal microscopy of calcein-stained cyst shown in Figure 3b reveal a lumen and a layer of cells covering the top and anchoring the cyst to the mesh. It should be noted that cysts were clearly different from clusters ( Figure S1 ) that would sometimes form on mesh, especially when coating by adhesion protein (laminin) is insufficiently done. A notable physical difference between cysts and clusters is the lack of a transparent bubble-like appearance in the later ( Figure S1 ).
Assessment of Oct4 and Cdx2 expression using immunofluorescence microscopy ( Figure 3c ) produced confusing results in that both markers appeared to be vaguely expressed in the cysts. Since immunofluorescence is influenced by the affinity of the antibody used, and does not yield quantitatively comparable results, we chose to carry out further analysis using qRT-PCR in order to compare the expression levels of pluripotency and differentiation markers previously reported (Okeyo et al., 2015) . Thus, Figure 4 shows that there is a clear distinction between the cysts and clusters, notably in the expression of important trophectoderm marker (CDX2), which is four-fold highly expressed in cysts compared with clusters.
Taken together, these results clearly show that cysts emerge from a sheet of hiPSCs formed on mesh, after which they expand to become transparent and spherical structures which show expression signatures similar to the trophectoderm Thus, the mesh culture platform provides a physical niche sufficient for driving differentiation and self-organization of hiPSCs.
| Mesh-derived cysts exhibit a polarized morphology and a migratory behavior
Having confirmed signatures like CDX2 linking cysts to the trophectoderm, next we sought to examine if morphological resemblance also exists between the cysts and actual trophectoderm in vivo. This is an important question that has remained unanswered since we reported on the mesh-derived differentiation and cyst formation.
For this purpose, we carried out detailed morphological characterization of the cysts using both conventional confocal microscopy and deeper tissue imaging using two-photon microscopy.
Figure 5a compares morphological differences between a young cyst (less than 300 μm in diameter) and a relatively mature cyst (size more than 400 μm in diameter) which were stained with calcein-AM and imaged using a confocal microscope. The existence of a lumen in both cysts is obvious, implying that lumen formation occurs at an early stage of cyst formation by mesh cultured hiPSCs. A notable difference between the two cysts is the difference in wall thickness, which appears to be asymmetrically thicker in the young cyst compared with the mature cyst (Figure 5a) . Indeed, the young cyst
Results of RT-PCR analysis for the expression of selected makers in cyst-containing samples (marked as "cyst S1" and "cyst S2") compared with clusterforming samples (marked as "clusters"). Normalization was performed on the basis of expression data from same hiPSC clone cultured on laminin-coated dish for 5 days (control). Due to a small sample volume, statistical comparison was not done. RNA for analysis was extracted at day 12. , Actb; , GAPDH
shows one side with a thicker wall (white arrow) than the opposite side (red arrow). This suggests that cysts start to develop morphological asymmetry, consistent with other studies reporting on a similar asymmetrical morphology of self-organized in vitro amniogenesis models (Shao et al., 2017) .
To further carry out a more detailed morphological characterization of the cysts, we performed immunofluorescence microscopy using a two-photon microscope. This enabled us to capture the whole structure of a cyst, which is not possible with a conventional confocal microscope. We could confirm that mesh-derived hiPSC cysts are enveloped with an epithelial wall expressing Cdx2, which appeared to be more richly expressed in young cysts ( Figure 5b Strikingly, the interior cavities appeared to segregate and expand as cyst matured. As such, they appeared more pronounced in mature cysts compared with young cysts (Figure 5b ,c, and also Figure S2 ).
Thus, mature cysts can be said to bear architectural resemblance to late blastocysts, which consist of amniotic, chorionic and yolk sac cavities (Deglincerti et al., 2016) .
Next, we sought to investigate if the cysts showed any invasive behavior if anchored. For this purpose, we monitored the behavior of cysts formed on mesh but anchored on the mesh edge (Figure 6a , pink color). Strikingly, we noticed a pool of cells on the mesh frame which were continuous with the cysts (Figure 6a ), prompting us to suspect invasion by cyst cells, with the laminin-coated mesh frame acting like a supporting membrane similar to endometrium. To show the migration behavior and tie it to the protrusive base of the cysts (Figure 6c ), we carried a depth-wise analysis of an anchored cyst. As shown in Figure 6d , the anchored protrusive end of the cyst continuously shows a spreading behavior outwards and onto the mesh frame as the mesh surface is approached. Remarkably, the boundary of the cysts was clearly maintained (see the evolution of the pink line), which can be postulated to imply that the enclosing epithelial wall is conserved to act as an interface for nutrient exchange with the surrounding tissues, as happens during in vivo embryogenesis.
Together, we have for the first time presented evidence for architectural resemblance between cysts and blastocysts, and also captured what appears to be a migratory behavior of the mesh-derived, trophoblast mimicking cysts. Thus, the mesh culture can be said to initiate a two-step self-organization of hiPSCs, starting with cell sheet formation by cell-cell adhesion, followed by differentiation and self-organization into cysts which then undergo development to acquire morphological resemblance to late blastocyst, and also exhibit a migratory behavior, as illustrated in Figure 7a ,b. Further studies will examine expression signatures and signaling pathways associated with the observed morphogenetic transformation and the observed migratory behavior.
| D ISCUSS I ON
One of the key early events in the establishment of pregnancy is the development of trophoblast subpopulations from the trophectoderm (TE) of the implanting blastocyst (Rossant, 2001 ). However, (Rayon et al., 2016) , and also examined the morphological architecture of the cysts, which we have determined consist of partitioned interior cavities closely resembling that of blastocysts, in particular late blastocyst. In addition, we have demonstrated that anchored cysts may exhibit an invasion behavior, which is a key feature of post-implantation trophectoderm.
The biggest advantage of our method over conventional 3D gel culture systems for organoid development (see reviews in Lancaster & Knoblich, 2014; Yin et al., 2016; Clevers, 2016) is that cells are not is capable of unraveling the inherent intercellular interactions in a continuously emerging system. We believe that no culture system is capable of capturing a 2D to 3D morphogenetic transformations like the mesh culture platform used in this study.
Although detailed signaling pathways leading to the observed two-step self-organization by hiPSCs remains to be elucidated, the modulation of the cell culture microenvironment by the mesh substrate is arguably a key contributing factor. Indeed, by modulating the cell culture environment alone, a number of studies have shown that it is possible to coax stem cells into forming different structures mimicking early embryogenesis, and also to capture associated molecular signatures. For instance, two recent reports by Shao et al. detailed a study in which they cultured single hiPSCs on a biomimentic system consisting of a thick soft gel (Geltrex) to establish an implantation-like niche. They observed the development of self-organized amnion-like tissues (Shao et al., 2016 (Shao et al., , 2017 , which occurred spontaneously. Although the reported study uses the conventional 3D gel culture, which is quite different from our mesh system, their findings are consistent with ours in the sense that they validate the capability of hiPSCs to self-organize and recapitulate events of early embryogenesis.
An argument for a mechanical contribution to the self-organization processes exhibited by hiPSCs on mesh seems plausible, particularly in the light of the fact that no intervention whatsoever (no chemical induction or spiking of the maintenance medium) was done to initiate the observed self-organization processes. We postulate that F I G U R E 7 Summary of events characterizing self-organization of hiPSCs on a microstructured mesh. (a) hiPSCs undergo self-assembly on mesh to form a cell sheet (a, middle cartoon) which in turn undergo differentiation to yield cysts.
(b) Self-organization into cyst occurs on a preformed layer of hiPSCs on mesh, followed by size-expansion and gain of asymmetry and protrusion capability enhanced cell-cell adhesion, which is necessary during the first process of self-organization to enable cells to adhere to one another and form a cell sheet by patching the mesh openings, may lead to increased expression of E-cadherin and other proteins participating in cell-cell adhesion. In other words, cells forming a sheet (layer)
over the large mesh openings are subjected to increased intercellular tension as an attempt to compensate for inadequate cell-substrate adhesion by enhanced E-cadherin-dependent cell-cell contact. This logic is consistent with reports of earlier studies which have shown that in cohesive tissues, such as the cell sheet on mesh, cells adhere directly to their neighbors through intercellular adhesion complexes, and intercellular adhesion is dependent on the activity of the actomyosin cytoskeleton (Borghi & James, 2009; Chu et al., 2004) , which provides a significant source of mechanical force within cells (Borghi et al., 2012) . Moreover, intercellular tension tends to increase at cellcell contacts when adhering cells are stretched (Borghi et al., 2012) , as would be expected in hiPSCs trying to patch up a mesh opening.
Thus, we speculate that increased tension may lead to elevated E-cadherin expression in sheet-forming cells, which may in turn trigger differentiation of hiPSCs toward a trophophectoderm lineage. E-cadherin over-expression may lead to differentiation and epithelization and, eventually, culminate into the second step of the self-organization process leading to the formation of cysts. Indeed, it has been shown that E-cadherin expression is important for the differentiation and epithelization processes that lead to the formation of trophectoderm epithelium during embryogenesis (Larue, Ohsugi, Hirchenhain, & Kemler, 1994) . This is consistent with our results which show the expression of both Cdx2 and E-cadherin at the cyst wall.
Moreover, the budding of cysts from a layer of pre-existing cells mimics the development of a post-implantation blastocyst (Deglincerti et al., 2016) . A similar process also occurs during early liver organogenesis, where newly specified hepatic cells delaminate from the foregut endodermal sheet and form a liver bud (Si-Tayeb, Lemaigre, & Duncan, 2010; Takebe et al., 2013) . Thus, the budding of cysts from a cell sheet of hiPSCs as observed in this experiment may mimic the events occurring at the early stages of implantation.
In particular, the model of cyst development shown in this study can become handy when considering the role of mechanical forces in the early embryonic development.
Overall, this study has confirmed that the modulation of the culture microenvironment achieved by the mesh culture technique can initiate a two-step self-organization of hiPSCs, starting with cell sheet formation by cell-cell adhesion, followed by differentiation and self-organization into cysts which then undergo development to acquire morphological resemblance to late blastocyst, and also exhibit a migratory behavior. Therefore, by fine tuning, for instance the microstructure of mesh to modulate cell adhesion, self-assembly and differentiation can be directed, making it possible to controllably generate organoid-like cysts for mechanistic studies of important early embryo developmental processes such as trophectoderm formation. Our future focus will be to clarify the molecular details of these observations and to correlate them with in vivo studies.
| CON CLUS IONS
This study has explored self-organization of hiPSCs cultured on a micro-structured mesh, and carried out detailed morphological characterization of trophectoderm-mimicking cysts derived from the cells through a natural process of self-assembly without any chemical stimulation. We have shown that hiPSCs are capable of patching up large mesh openings (exceeding 100 μm in length dimension)
to self-organize into sheets from which emerges transparent cysts exhibiting elevated expression of Cdx2, a trophoblast differentiation marker. Starting as small buds emerging from a layer of hiPSCs, cysts undergo rapid expansion and development to acquire a morphological architecture closely resembling late blastocyst, and also exhibit an invasion behavior. We postulate that mechanical tension experienced by sheet-forming cells may play a role in the observed differentiation and self-organization in an E-cadherin depended manner. Thus, the mesh culture method provides a unique platform which can be harnessed to examine cell-cell interactions underlying cell fate specification and self-organization processes during early embryo development. In addition, the simplicity and the ease of imaging provided by the mesh culture technique, coupled with its ability to coax self-organization of hiPSCs into trophectoderm organoids makes it an attractive platform for screening assays for fertility related diseases.
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